This work presents precise calculations of important electromagnetic transition amplitudes along with detail of their many-body correlations using relativistic coupled cluster method. Studies of hyperfine interaction constants, useful for plasma diagnostic, with this correlation exhaustive many-body approach are another important area of this work. The calculated oscillator strengths of allowed transitions, amplitudes of forbidden transitions and lifetimes are compared with the other theoretical results wherever available and they show a good agreement. Hyperfine constants of different isotopes of W VI, presented in this paper will be helpful to get accurate picture of abundances of this element in different astronomical bodies. * sonjoym@phy.iitkgp.ernet.in
I. INTRODUCTION
bination rates [23] [24] [25] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] of various tungsten ions have been studied in several recent literatures both theoretically and experimentally. Safronova et al. [28] calculated some of the oscillator strengths of electric dipole transitions of W VI using the relativistic all-order many-body perturbation theory with single and double excitations (SD). Yoca et al. [41] and Migdalek et al. [42] calculated the oscillator strengths of a number of transitions of this ion using core polarization augmented relativistic Hartree-Fock method, which they named as HFR+CPOL and DF+CP, respectively. All these results motivate us to reinvestigate those transitions. Many-body correlations study is very important here as 3d, 4d and 4f are core orbitals. Form our earlier papers [43, 44] , it is expected that we will get significant effect of pair correlation for these forbidden transitions. Therefore, the discrepancies between the results demand to have correlation exhaustive relativistic ab initio calculations for allowed and forbidden transitions of W VI. Here we apply highly correlated coupled-cluster theory [44, 45] on a relativistic platform (RCC) to calculate the various line parameters of allowed and forbidden transitions as well as the hyperfine structure constants of few low-lying energy levels for this ion.
II. THEORY
A brief introduction of the formalism of our calculation using the coupled-cluster theory is discussed here and details of the mechanism available in our old earlier publications [43, 45] .
The coupled-cluster theory is one of the well-known many-body methods [46] [47] [48] [49] [50] [51] [52] [53] that allows one to write the atomic or ionic wavefunction for a single valence system using the expression:
Here we assume that the valence electron occupies the 'v'th orbital of the atom or ion.
|Φ v = a † v |Φ 0 , where |Φ v and |Φ 0 are the DF wavefunctions for single valence open shell and closed shell systems, respectively. The operators T and S v produce single to multiple electron excitations with respect to the reference |Φ 0 and |Φ v , respectively. However, in this present case, we consider these excitations up to the level of single and double only. Some valence triple excitations are also included in the present formalism using a pertubative treatment [43] . Such approximation of the coupled-cluster theory to generate highly correlated wavefunctions is well-known as coupled-cluster with single, double and valence triple excitations (CCSD(T)) method and is well established as indicated in our earlier works [44, [54] [55] [56] [57] [58] [59] .
The general matrix element of any arbritrary operatorÔ can be expressed in the framework of the RCC theory as,
Here, N is the normalization factor. The single-electron reduced matrix elements corresponding to the electric dipole (E1), electric quadrupole (E2), and magnetic dipole (M1) transition operators are discussed in detail in many references. [55, 60, 61] .
In the last equality of the expression 2, the difference of matrix elementŌ = e T † Oe T from O yields the contribution of core correlation. The lowest order Bruckner pair-correlation effect in these matrix elements is considered by the termŌS 1i +cc., where cc stands for complex conjugate. The core polarization effect is calculated from the termŌS 2i +cc. However, in addition to these, there are other higher-order coupled-cluster terms, like, S † kŌ S i +cc and normalization correction to a wavefunction which are included in the present theoretical approach. A detail explanation of the different correlation contributing factors is available in one of our recent paper [45] .
The expression of the oscillator strength and transition probabilities (in s −1 ) for allowed and forbidden transitions are well known [54, 58, 62] . The lifetime τ k of a state k can be calculated by considering all different channels of emissions to the states i from k,
where A k→i represents the probability of the transition from k to i.
The hyperfine energy shift of an atom or ion is given by [59, 63, 64 ]
Here K = F (F + 1) − I(I + 1) − J(J + 1). A and B are the two well-known hyperfine structure constants [64] . The constant A is associated with the magnetic dipole moment of the nucleus. The constant B corresponds to the electric quadrupole moment of the nucleus. The mathematical expressions to calculate these constants for single valence systems (considering v-th orbital is the valence orbital with relativistic quantum number κ v ) are as follows [61] :
and (6) where µ N is the nuclear magneton, g I is the nuclear g-factor and Q is the quadrupole moment of the nucleus. T (1) and T (2) are the two operators which depend on the inverse radial powers of all the electronic coordinates. Their single-particle reduced matrix element forms are discussed explicitly in literature [64] .
III. RESULTS AND DISCUSSIONS
For our calculations of different transitions and hyperfine properties, we consider Fermi type of nuclear charge distribution function. The basis-set expansion technique [65] is used here to construct the single-particle DF orbitals as discussed in Eq. 1, where each radial basis function is considered to have the Gaussian-type form. The radial dependence of these Gaussian functions are determined by optimizing two radial parameters α 0 and β [65] . In order to find these optimized parameters, we compare the results of expectation values of r , 1/r , and energies of the DF orbitals among the above basis set expansion method and sophisticated numerical approach, the GRASP92 program [66] . This comparison leads to an extremely good agreement between the corresponding expectation values at α 0 = 0.00525 and β = 2.70. Electric dipole (E1) transition amplitudes calculated at the DF and the RCC levels are presented in Table I The difference between δ corr and the sum of the correlations from these three terms provides the correlation contributions from the higher-order terms and normalization corrections to the wave functions as discussed in the theory section. Though our results support the conclusion of Yoca et al. [41] that the core polarization contributions are the most important among the other correlation effects here, the pair correlation contributions are significant and in some cases, like, 5f 5/2,7/2 → 5g 7/2,9/2 transitions, are comparable. To understand the source of strong contributions of the core polarization its direct and exchange contributions [69] (representing topologically distinct core polarization diagrams) are studied in Fig. 2 . Physically, these diagrams contain electromagnetic interactions between the valence and one of the core electrons to excite two intermediate orbitals and de-excite back to original orbital states. Therefore, they give the leading correlation contributions. Its clear from the figure that the opposite sign among the direct and exchange parts is significant for the large contributions of the total core polarization. Distinct features observed for 6s 1/2 → 7p 1/2,3/2 where strong correlation contributions observed, as also seen by Migdalek and Siegel [42] .
In Table II , our calculated weighted oscillator strengths of the E1 transitions are presented in the length and velocity gauges forms and compared with the corresponding SD results [28] , HFR+CPOL [41] and DF+CP [42] . They all are falling in the vacuum ultra-violet (UV) region of the electromagnetic spectrum except the transitions 7s 1/2 → 7p 1/2,3/2 , which are in middle UV and near UV region. We calculate these oscillator strength values using our calculated matrix elements and experimental wavelengths, wherever available and so as the approaches by others whose calculations are available based on length gauge only.
Therefore, differences among the oscillator strengths obtained from the various methods must come from the corresponding E1 amplitudes. The E2 transition amplitudes with different correlation contributing terms are tabulated in Table III along with the corresponding transition wavelengths. They are either falling in the UV or infra-red (IR) regions apart from 6p 1/2 → 6p 3/2 , which emits yellow light. There are a few transitions available in literature using the HFR+CPOL method [41] and are good agreement with our results. Unlike, E1 transitions, here pair correlation is very strong in many transitions and in some cases, like, transition from the 5f 5/2,7/2 are the lion share in correlation. The strong E2 transition amplitudes are estimated for 5f 5/2 → 6p 1/2 ; 7p 1/2 , 5f 7/2 → 6p 3/2 ; 7p 3/2 , 5g 7/2 → 5g 9/2 , 6p 1/2 → 6p 3/2 and 7p 1/2 → 7p 3/2 . High impact of correlations are observed for 5d 3/2 → 7s 1/2 ; 8s 1/2 , 5d 5/2 → 7s 1/2 ; 8s 1/2 transitions. These transitions are correlated by about 12%, 30%, 18% and 28%, respectively. The correlation contributions to all the other transitions are less than 10 % . FIG. 3 shows the percentage contributions of direct and exchange core polarization parts for the E2 transitions. In all the strong contributing cases, the direct and exchange parts are opposite in sign. In spite of the strong contributions from direct and exchange terms, the total core polarization contributions turn out to be small due to cancellation among the terms for most of the cases. Only for 5f 5/2 → 6p 3/2 and 5f 7/2 → 6p 3/2 transitions, both the parts give negative contributions.
The M1 transition amplitudes are presented in has life time of about 0.14 second which can be verified in the EBIT experiment [11, 72] and will be good candidate for heavy ion storage ring [73] . Since the E2 and M1 matrix elements have almost same values, the lifetime of the 5d 5/2 state is almost controlled by the M1 transition. HFR+CPOL [41] calculations of lifetime are well agreed with our results.
The hyperfine structure constants A and B of W VI with mass number 183 and nuclear spin 1/2 are presented in Tables VI and VII, respectively. This will be one of the important contributors for high resolution spectroscopy. Both these constants are presented with different correlation contributions. The hyperfine A values have correlation contributions within 7% to 34% except for the states 5d 5/2 , 5f 5/2 , 5f 7/2 and 5g 9/2 where contributions are 55%, 79%, 144% and 181%, respectively. Here most of the cases, the core polarization and pair correlation contributions are comparable except in the cases of 5d 5/2 , 5f 7/2 and 5g 9/2 states, where contributions for the former correlation are one order more than latter. For 6s 1/2 and 6p 1/2 , the pair correlation contributions are the largest. As seen from the Table VII, the B constants of 5f 5/2 , 5f 7/2 , 5g 7/2 and 5g 9/2 are correlated abnormally. about 22% to 28%. Using these two hyperfine parameters, the hyperfine energy splitting can be calculated easily using Eq. (4). Fig. 4 and Fig. 5 , depict the strengths of direct and exchange parts of the core polarization for A and B constants, respectively. For A-values, the exchange part of core polarization contributes are significantly large over its direct contributions. Whereas, the direct part of core polarization contributes appreciably compare to the exchange part for B-values except for 6p 3/2 and 7p 3/2 states. For the lower energy states presented in the figure, the above two parts are of opposite signs; therefore, the strong contribution of direct parts for these states are diminished by their exchange parts.
In Table VIII bodies, and hence to get accurate picture of abundances of tungsten.
IV. CONCLUSION
We have calculated the transition amplitudes of allowed (E1) and forbidden (E2 and M1)
transitions for W VI using a highly correlated relativistic coupled-cluster theory. Hyperfine structure A and B constants of the various low-lying states and isotopes of this element are estimated where comparison could not be done due to lack of theoretical or experimental endeavour. Importance of consideration of pair correlation in the many-body approaches are studied along with detail of core polarization correlation contributions. Good agreements are achieved between the electric dipole matrix elements based on length gauge and velocity gauges which somewhat determines the accuracy calculations. Our correlation exhaustive many-body approach provide scope to experimentalists to test their up to date technologies.
The forbidden infra-red and optical transitions among the fine structure levels of the 5d and 6p terms, respectively, are very important for laser spectroscopy, plasma research and different atomic physics experiments. Our spectroscopic estimations of these allowed and forbidden transition lines mitigate the demand of high resolution data observed from stellar and interstellar medium. Our hyperfine data for various isotopes are also supplement to this.
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